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We show that hole states in recently discovered single-layer InSe are strongly renormalized by the
coupling with acoustic phonons. The coupling is enhanced significantly at moderate hole doping
(∼1013 cm−2) due to hexagonal warping of the Fermi surface. While the system remains dynamically
stable, its electron-phonon spectral function exhibits sharp low-energy resonances, leading to the
formation of satellite quasiparticle states near the Fermi energy. Such many-body renormalization
is predicted to have two important consequences. First, it suppresses significantly charge carrier
mobility reaching ∼1 cm2V−1s−1 at 100 K in free-standing sample. Second, it gives rise to un-
usual temperature-dependent optical excitations in the mid-infrared region. Relatively small charge
carrier concentrations and realistic temperatures suggest that these excitations may be observed
experimentally.
Two-dimensional (2D) indium selenide (InSe) is a re-
cently discovered semiconductor receiving considerable
attention because of its attractive electronic properties.
Thin films InSe have been proposed to be suitable for
field-effect transistor applications due to their high car-
rier mobilities, reported to exceed 103 cm2V−1s−1 at
room temperature [1–4]. Other interesting properties
of this material include tunable band gap [5–8], fully-
developed quantum Hall effect [2], anomalous optical re-
sponse [2, 5, 9, 10], superior flexibility [11], as well as
excellent thermal [12, 13] and thermoelectric [14] char-
acteristics. These observations, along with its ambient
stability [15], make low-dimensional InSe an appealing
candidate for numerous practical applications [16].
Single-layer (SL) InSe is a layered semiconductor with
an indirect energy gap in the visible range. Its elec-
tronic structure is characterized by peculiar flat regions
in the valence band [17], giving rise to a giant van Hove
singularity in the hole density of states [18, 19]. This
feature is known as a “Mexican-hat”-like band, and has
been predicted for the whole family of In2X2 and Ga2X2
(X=S,Se,Te) compounds [17, 20]. Interestingly, this pe-
culiar shape evolves into the conventional parabolic band
with increasing material’s thickness, as has been theoreti-
cally predicted for InSe [18, 21] and recently confirmed by
angular resolved photoemission spectroscopy [22]. This
observation makes ultrathin InSe films especially attrac-
tive for further studies. The interest to flat-band mate-
rials is motivated by exotic physical properties of such
systems, closely related to various many-body instabili-
ties and strong correlation effects [23–27]. Recent experi-
mental discovery of flat bands and associated many-body
phenomena including superconductivity in magic-angle
twisted bilayer graphene [28, 29] enhances enormously
the interest to the problem.
Electron-phonon interaction in the case of narrow
bands can be dramatically different from the conven-
tional case and can play a more important role. In par-
ticular, a strong electron-phonon coupling in the magic-
angle twisted bilayer graphene was recently reported [30].
When typical electron energies are comparable with the
phonon ones, one can expect essential non-adiabatic
modifications of electron [31] and phonon [32] energy
spectra. For the case of a single electron in a crystal
we have a well-known and well-studied problem of po-
laron [33–36]. The situation when we have a degenerate
electron gas with a small electron energy scale near the
Fermi energy is still quite poorly investigated.
In this work, we use many-body theory combined with
first-principles calculations to study electron-phonon
coupling and related properties of hole-doped SL-InSe.
We find that due to peculiar character of hole states in
SL-InSe, their interaction with phonons is anomalously
strong. We predict that this interaction leads to a con-
siderable limitation of charge carrier mobility in free-
standing SL-InSe samples, but gives rise to unexpected
temperature-dependent mid-infrared optical excitations
with large spectral weight.
Structure and basic electronic properties of SL-InSe —
Depending on the chemical composition, In-Se binary
compounds demonstrate rich variety of ordered phases
with different physical properties [37]. Among structural
forms with a 1:1 stoichiometry, the γ-polytype is the
most attractive phase for exfoliation, composed of ver-
tically stacked weakly interacting InSe layers. Each layer
adopts a crystal structure with two vertically displaced
2D buckled honeycombs (D3h point group) [38]. Atom-
ically thin InSe was experimentally obtained by means
of mechanical exfoliation [2, 5–7], as well as by epitaxial
growth from liquid phase [39].
Density-functional theory (DFT) electronic structure
calculations and structural optimization were performed
in this work by means of the plane-wave quantum
espresso (qe) code [40], using fully relativistic norm-
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FIG. 1. (a) Band structure and (b) DOS of hole-doped SL-
InSe for the concentration n = 2.8×1013 cm−2 calculated us-
ing DFT and TB model as described in the text; (c) Brillouin
zone and the Fermi surface with q∗ denoting the character-
istic scattering wave vector; (d) Real-space wave function of
the hole state, where light and dark spheres denote In and
Se atoms, respectively; (e) Effective lattice model for holes in
SL-InSe with t1, t2, t3 being the dominant interaction param-
eters.
conserving pseudopotentials. Exchange and correlation
were treated with the local density approximation. The
kinetic energy cutoff for plane waves was set to 80 Ry, the
Brillouin zone (BZ) was sampled with a (80×80) k-point
mesh to ensure numerical accuracy. A vacuum thickness
of 30 A˚ was introduced to avoid spurious interactions
between the periodic supercell images in the direction
perpendicular to the 2D plane. Carrier doping was in-
troduced at the DFT level by increasing the total charge
of the system and adding the compensating jellium back-
ground to preserve the charge neutrality.
In Fig. 1(a), we show the valence band of SL-InSe cal-
culated for the hole concentration of n = 2.8×1013 cm−2.
The prominent characteristic of hole doped SL-InSe is the
van Hove singularity in the density of states (DOS) near
the Fermi energy [Fig. 1(b)] originating from the hexag-
onal warping of the Fermi surface [Fig. 1(c)]. The strong
nesting of the Fermi surface is expected to be responsi-
ble for giant anomalies in the response functions at the
characteristic wave vector q∗ ≈ 0.56 A˚−1. In the energy
region up to 0.3 eV, the valence states are represented
by a single “Mexican hat”-like band. Importantly, this
peculiar shape is only typical for SL- and few-layer InSe,
while evolving into the parabolic shape for thick samples
[22]. For the purpose of our study, it is convenient to
map the full DFT Hamiltonian onto a single-band tight-
binding (TB) model. To this end, we use the formalism of
maximally localized Wannier functions (WF) [41] as im-
plemented in wannier90 code [42]. The resulting model
is defined in the basis of WFs localized in the center of
In-In bond with tails on neighboring Se atoms, as shown
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FIG. 2. (a) Phonon dispersion of undoped and hole-doped
SL-InSe calculated for the concentration n = 2.8 × 1013
cm−2. Circles show softening of the phonon mode at
the characteristic wave vector q∗; (b) Frequency-dependent
phonon DOS, electron-phonon spectral function α2F (ω),
and integrated electron-phonon coupling strength λ(ω) =
2
∫
dω ω−1α2F (ω); (c) and (d) show momentum-resolved
electron-phonon coupling for the lowermost acoustic branch
(λ1) and for all other branches, respectively.
in Fig. 1(d). The effective TB Hamiltonian is defined on
a triangular lattice [Fig. 1(e)] and is determined by the
leading hopping integrals: t1 = 0.24 eV, t2 = −0.10 eV,
and t3 = −0.06 eV. In the low-energy region the model
perfectly matches the first-principles results.
Phonons and electron-phonon coupling — The phonon-
related properties are calculated using density functional
perturbation theory (DFPT) [43, 44] as implemented in
qe. The calculations are performed on a (16×16) q-point
mesh. The phonon dispersion curves and the correspond-
ing DOS are shown in Figs. 2(a) and 2(b) for undoped
and hole-doped SL-InSe. The undoped spectrum is typ-
ical to 2D materials, with the prominent out-of-plane
(ZA) mode having quadratic dispersion around the Γ
point. Unlike elemental 2D semiconductors [45, 46], op-
tical modes in SL-InSe appear already at 5 meV, giving
rise to a sharp peak in DOS. The hole-doping leads to
a softening of the lowermost acoustic phonon mode at
wave vector q∗, which corresponds to the nesting wave
vector depicted in Fig. 1(c). The frequencies of the soft
mode depend on the doping value remaining positive up
to the critical doping n∗ ≈ 2.9 × 1013 cm−2, at which
imaginary frequencies appear suggesting structural insta-
bility of heavily doped samples. The rest of the phonon
spectrum remains virtually unaffected by moderate hole
doping.
We now turn to the interaction of phonons with
holes in SL-InSe. To the first order in atomic dis-
3TABLE I. Dimensionless electron-phonon coupling constant
λ, phonon-limited carrier mobility µ (at T = 100 K), and
characteristic optical frequency ω∗ corresponding to the local
maximum of the conductivity σ(ω∗) (at T = 100 K) shown
at different values of hole doping (n) in SL-InSe.
n (cm−2) λ µ (cm2V−1s−1) ω∗ (eV) σ(ω∗)/σ(0)
8.17× 1012 4.6 1.92 0.26 0.58
1.93× 1013 5.9 0.94 0.28 0.73
2.82× 1013 12.7 0.40 0.37 1.22
placements, the interaction of electrons with phonons
can be described by the vertex gνkk′ = lνqM
ν
kk′ , where
lνq =
√
h¯/2m0ωνq is the characteristic displacement,
and Mνkk′ = 〈ψk′ |∂−qνV |ψk〉 is the matrix element of the
interaction potential ∂−qνV associated with electronic
states ψk′ and ψk, phonon wave vector q = k
′ − k,
branch index ν, and frequency ωνq. In order to reach
numerical convergence in evaluating BZ zone integrals,
the electron-phonon-related quantities have been interpo-
lated in momentum space by making use of the Wannier-
interpolation scheme [47]. To this end, we utilize epw
package [48], which allows us to achieve sufficiently ac-
curate BZ sampling using (160×160) k- and (320×320)
q-point meshes.
To quantify the electron-phonon coupling strength in
metallic systems, it is convenient to define a dimension-
less quantity averaged over the Fermi-surface as λqν =
〈|gνq|2〉/ωqν , also known as the mass enhancement factor.
The spectral representation of this quantity is known as
the Eliashberg spectral function, which reads
α2F (ω) =
1
2
∑
qν
ωqνλqνδ(ω − ωqν). (1)
In Fig. 2(c) and 2(d), we show λqν calculated for the
lowermost (soft) phonon mode (ν = 1), as well as for
all other modes in hole-doped SL-InSe. The dominant
electron-phonon coupling originates from the interaction
with the soft phonon mode, exceeding the contribution
from all other modes by almost two orders of magni-
tude. As expected, the strongest coupling is taking place
around the nesting wave vector q∗. In the frequency do-
main, the coupling is localized at low-frequencies, giving
rise to a pronounced peak below 5 meV in the Eliash-
berg function shown in Fig. 2(b). The total interaction
λ =
∑
qν λqν is doping-dependent and reaches its maxi-
mum value of ∼13 around the critical value n∗ (see Ta-
ble I). In all cases considered, λ  1, which allows us
to designate hole-doped SL-InSe as a system with strong
electron-phonon coupling, and expect significant renor-
malization of the observable electronic properties.
Many-body renormalization — In the interacting sys-
tem, the electronic structure can be characterized by
the renormalized finite-temperature Green’s function
G−1k (iωj) = G
−1
0k (iωj) + Σk(iωj), where G0k(iωj) =
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FIG. 3. Energy- and momentum-resolved spectral function
Ak(ω, T ) and corresponding density of states
∑
kAk(ω, T )
calculated for hole-doped SL-InSe in the presence of electron-
phonon coupling at carrier concentration n = 1.9×1013 cm−2
for three different temperatures: (a) 50 K, (b) 100 K, and (c)
150 K. White and blue curves correspond to the noninter-
acting (bare) bands and DOS, respectively. For clarity, the
renormalized DOS (red curve) is enlarged by a factor of 2.
(iωj + µ + εk)
−1 is the bare (non-interacting) Green’s
function, and Σk(iωj) is the electronic self-energy, de-
scribing the interaction. According to the Migdal theo-
rem [49], the latter can be approximated by a diagram
involving electron Gk(iωj) and phonon Dqν(iωj′) prop-
agators connected by the electron-phonon vertices gνkk′ ,
i.e.
Σk(iωj) = −T
∑
k′νj′
Gk(iωj)|gνkk′ |2Dk−k′ν(iωj − iωj′),
(2)
where iωj = i(2j + 1)piT are the fermionic Matsubara
frequencies with j being an integer number [38]. This
approximation assumes neglecting vertex corrections in
the self-energy expansion [49]. Generally speaking, its
applicability for the case of narrow energy bands is not
fully justified. However, given that any realistic calcula-
tions of electron-phonon interaction with vertex correc-
tions are far beyond current computational capabilities,
we have no alternatives. Nevertheless, we believe that the
Migdal approximation is at least qualitatively correct in
our case.
In Fig. 3, we show the spectral function Ak(ω, T ) =
− 1pi Im[Gk(ω)] calculated in SL-InSe for T = 50, 100, and
150 K at hole concentration n = 1.9 × 1013 cm−2. The
hole spectrum exhibits a significant renormalization com-
4pared to the noninteracting one. The spectrum recon-
struction is taking place in the vicinity of the character-
istic wave vector q∗/2 at which the hole states asymmetri-
cally split into the upper and lower subbands. The split-
ting originates from the discontinuity in the self-energy
Σk(ω, T ) at |k| ∼ q∗/2 due to the strong electron-phonon
coupling. The self-energy is dependent on the phonon
occupation nqν(T ), resulting in the temperature depen-
dence of the observed splitting. Moreover, since around
T = 100 K acoustic phonons can be considered classically
(nqν ' T/ωqν), this dependence is nearly linear. Both
subbands are clearly observed in temperature-dependent
DOS [Figs. 3(a)–(c)], which allows one to expect optically
active transitions between them.
Transport and optical properties — Having calculated
the interacting Green’s function, as a next step we con-
sider transport and optical properties of the system.
Within the linear-response formalism, the conductivity
tensor can be written as [50]
Re[σαβ(q, ω)] = − 1
ω
Im[χαβ(q, ω)], (3)
where χαβ(q, ω) = 〈〈jα(q, ω)jβ(−q, ω)〉〉 is the current-
current correlation function with 〈〈...〉〉 being the Kubo
correlation function. Ignoring the vertex corrections, the
corresponding quantity can be written in the limit of zero
momentum transfer (q→ 0) as
χαβ(0, iωj) = e
2T
∑
kω′j
vαkGk(iω
′
j)v
β
kGk(iω
′
j + iωj), (4)
where vαk = h¯
−1∂εk/∂kα is the α-component of the group
velocity. In what follows, we consider diagonal compo-
nents of the conductivity tensor only. Moreover, taking
into account isotropic behavior of the system at q → 0,
we have σ ≡ σxx = σyy.
In Fig. 4, we show optical conductivity calculated in
SL-InSe as a function of the photon energy for different
temperatures and hole concentrations. At low energies,
typical metallic behavior is observed with a clear Drude
peak, whose amplitude in our case has the meaning of
the phonon-limited dc conductivity, i.e. σdc ≡ σ(ω → 0).
As temperature raises, dc conductivity decreases linearly
with the temperature, demonstrating a dependence typi-
cal for metals in our temperature range. With increasing
charge carrier concentration, dc conductivity tend to de-
crease. The relation of dc conductivity to the charge
doping is more involved because of a nonlinear depen-
dence of the electron-phonon coupling. The correspond-
ing hole mobilities µ = σdc/ne calculated at T = 100
K for different hole concentrations n are listed in Ta-
ble I. In all cases we obtain remarkably low values of
the order of 1 cm2V−1s−1. This result is highly unex-
pected in view of recent experimental reports on high
mobility in 2D InSe [1–4]. We note, however, that our
finding is solely applicable to free-standing InSe single
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FIG. 4. Temperature-dependent optical conductivity in SL-
InSe calculated in the presence of electron-phonon coupling
for different values of hole doping. ω∗ is the characteristic op-
tical frequency listed in Table I with the corresponding con-
ductivity values.
layer. Electronic structure of multilayer InSe, as well
as encapsulated or supported samples turns out to be
modified considerably by the interlayer interactions [22],
suppressing strong electron-phonon coupling. From the
theoretical viewpoint low mobility values in SL-InSe are
well understood and can be attributed to the formation of
a coupling-induced pseudogap in the hole spectrum [see
Fig. 3], resulting in a small DOS at the Fermi energy.
Finally, let us discuss many-body effects in the optical
response of SL-InSe. In the independent particle approx-
imation, the optical conductivity of an electron gas is
given by the Drude formula, σ(ω) = γ4pi
ω2p
ω2+γ2 , with ωp
being the plasma frequency, and γ is a phenomenologi-
cal damping. The Drude models describes monotonically
decreasing conductivity as a function of energy unless in-
terband transitions come into play. Since we deal with
an effectively single-band system, no interband transi-
tions are expected below at least 0.35 eV [see Fig. 1(a)].
Nevertheless, the calculated optical conductivity of hole-
doped SL-InSe presented in Fig. 4 is qualitatively dif-
ferent. Specifically, the spectrum exhibits notable peaks
in the energy range 0.1–0.3 eV, which are beyond the
Drude model. The corresponding magnitudes are com-
parable with the Drude peaks at ω → 0, and is in-
creasing with doping. The observed excitations originate
5from the many-body splitting of hole states induced by
the strong electron-phonon coupling, as discussed ear-
lier. Importantly, the resonant frequencies are strongly
temperature-dependent, which is in favor for their un-
complicated experimental detection. Relatively small
doping required to observe the effect as well as favor-
able (mid-infrared) spectral range makes us believe that
this prominent optical characteristic of hole-doped SL-
InSe might be observable by conventional optical, or even
scanning probe techniques.
Conclusion — We have shown that moderately hole-
doped SL-InSe demonstrates strong electron-phonon cou-
pling. The coupling arises from the Fermi surface nesting
combined with the doping-induced softening of acous-
tic phonon modes. We have found two important con-
sequences of this phenomenon: (i) Charge carrier mo-
bility turns out to be essentially suppressed, being of
the order of 1 cm2V−1s−1; (ii) Electronic spectrum un-
dergoes strong renormalization, giving rise to unconven-
tional temperature-dependent optical excitations in the
mid-infrared region with large spectral weight. Both
effects are predicted for realistic doping levels (∼1013
cm−2) and temperatures around 100 K. We anticipate
that our findings could be verified by standard experi-
mental techniques, provided that sufficiently clean single-
layer samples could be fabricated in weakly interacting
environment.
Our findings can motivate further experimental and
theoretical studies on low-dimensional InSe. Apart
from being an obvious candidate for experimental ver-
ification of the unusual optical response, SL-InSe is
a promising material for exploring other aspects of
many-body physics, including superconductivity, sp-
magnetism, electron-correlation effects, as well as other
collective phenomena.
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FIG. S1. Schematic representations of the equilibrium crystal
structure of SL-InSe considered in this work. Red lines denote
the hexagonal unit cell and the following structural constants
obtained from DFT calculations: a = 3.94 A˚, dSe-Se = 5.24
A˚, dIn-In = 2.70 A˚, dIn-Se = 2.61 A˚, and θ = 90
o.
Equilibrium crystal structure of SL-InSe
Fig. S1 shows the equilibrium crystal structure of SL-
InSe with the corresponding structural constants ob-
tained from full structural optimization at the DFT level.
The resulting values are in good agreement with the lit-
erature data [17].
Computational details
Here, we provide some relevant expressions used in this
work to calculate frequency-dependent characteristics re-
lated to the electron-phonon coupling. More details can
be found, e.g., in Refs. 44 and 50.
For a single-band system with first-order electron-
phonon coupling, the electron self-energy in the Migdal
approximation [49] can be represented on the real-
frequency axis as:
Σk(ω, T ) =
∑
ν
∫
BZ
dq
ΩBZ
|gν(k,q)|2
[
nqν(T ) + fk+q(T )
ω − (εk+q − εF) + ωqν + iη +
nqν(T ) + 1− fk+q(T )
ω − (εk+q − εF)− ωqν + iη
]
, (S1)
where nqν(T ) = [exp(ωqν/T ) − 1]−1 and fk(T ) =
{exp[(εk − εF)/T ] + 1}−1 are the equilibrium occupa-
tion factors for phonons and electrons, respectively. To
ensure numerical stability, we introduced small imagi-
nary terms iη in the denominator of Eq. (S1). η plays
the role of a smearing parameter, which in our calcula-
tions is set to be equal to the temperature T . Denoting
Σk(ω, T ) ≡ Σ′k(ω, T ) + iΣ′′k(ω, T ), the electron spectral
function is then given by
Ak(ω, T ) =
1
pi
|Σ′′k|
|ω − (εk − εF)− Σ′k(ω, T )|2 + |Σ′′k(ω, T )|2)
.
(S2)
Without vertex corrections, optical conductivity for
zero momentum transfer in the presence of electron-
phonon coupling takes the form:
Re[σαβ(0, ω
′)] =
2pie2h¯
S
∑
k
∫
dω
fk(ω)− fk(ω + ω′)
ω′
vαkAk(ω)v
β
kAk(ω + ω
′), (S3)
where S is the unit cell area.
